for all of the microwave circuitry that made possible the great advances achieved by the microwave field. It is important to understand that microwave field theory is only a portion of electromagnetic field theory in general, and to appreciate how it is distinguished from it. In addition, the network formulation of microwave field theory has been fundamental to the rapid progress made by the microwave community; the formulation in network terms has been so intertwined with the development and understanding of the field concepts and behavior that the network formulation should be viewed as an integral part of microwave field theory.
The first part of this introduction explains the poinr of uiew indicated in the above paragraph. The second part of the introduction outlines the scope of the historical review presented here.
A. Point of View
Microwave field theory is a subset of electromagnetic field theory in general, and it possesses two main features that combine to distinguish it from the more general discipline. These features are:
1) it applies to structures for which the dimensions are of the order of the wavelength; and dimensions are of the order of the wavelength. This stipulation follows from the practice (almost a requirement) that guiding structures are operated in the dominant mode (or sometimes the lowest mode of the orthogonal polarization).
Under such conditions, the wavelength is of the order of the cross-section dimensions. Resonant structures, such as resonant cavities or filters, usually have elements with lengths which are again of the order of a wavelength.
in some other areas of electromagnetic, the dimensions are much greater than the wavelength (as in ordinary optics), or much smaller than the wavelength (for example, scattering by small particles, or the performance of lowfrequency networks).
For these examples, approximations may be made in the electromagnetic that greatly simplify the mathematics.
In microwave field theory, no such simplifications are possible, and the full complexity of the mathematics must be faced. From this viewpoint, microwave field theory corresponds to the branch of electromagnetic that is the most challenging, but also the most interesting in terms of complicated phenomena, such as resonances, coupling effects, etc.
It is the second feature of microwave field theory mentioned above (the applications to wave guidance rather than to arbitrary scattering situations) that permits systematic simplifications and makes the electromagnetic tractable. For example, we may then take into account the geometrical regularity of the guiding structures, or the fact that the higher modes that are necessarily excited at geometrical discontinuities are generally below cutoff in the connecting waveguides, so that the discontinuity effects may be considered as lumped. In addition, the systematic formulations of microwave networks permit the reduction of field problems to transmission-line and lumped-element phrasings, and allow us to apply the full range of network methods to these problems.
It is also important to appreciate that since 1970 or so two new, but related, areas have emerged in the optics field: fiber optics and integrated optics. In both of these areas, the cross sections of the guiding structures are now of the same order as the wavelength, in contrast to the usual situation in optics where the dimensions are much greater than the wavelength.
Interestingly, people trained in classical optics had to learn new techniques, whereas those trained in microwaves felt immediately comfortable and quickly made many contributions to these new areas, A similar situation prevailed in surface acoustic waves, where the wave types were not even electromagnetic.
We may draw the very interesting and significant conclusion 0018-9480/84/0900-1022$01.00 @1984 IEEE that microwave electromagnetic involves a well-developed body of techniques intended for problems involving guided waves, resonance effects, coupling effects, etc., in which the structural dimensions are of the order of the wavelength, and that this body of techniques can be applied not only to the microwave frequency range, for which it was developed, but also for other frequency ranges and even other wave types when the basic conditions are appropriate.
B. The Scope of this Historical Review
Even though microwave field theory is less inclusive than general electromagnetic field theory, it is still too large a topic to permit reasonably full coverage in a short presentation. This historical review therefore adopts the following approach. The development of microwave field theory is divided into two broad stages:
1) The formative years, which are summarized in Section II, and comprise the periods before and during World War II.
2) The period from the end of World War II to the present, during which the microwave field went through several more levels before reaching its present relative maturity. This period, discussed in Section III, saw the development of many new techniques, as well as the deepening of understandings and the systematization of the basic approaches.
During the formative stage, there were relatively few major figures, and a systematic brief account becomes possible. During the period after World War II, however, there were many significant contributors, so that a corresponding systematic summary becomes very difficult. The treatment in Section III, therefore, seleets several of the most important developments during this period that are believed to be of general interest, but yields to a somewhat personalized account of events in many cases. Although the coverage in Section 111 is therefore necessarily limited in scope, and corresponds to areas in which the writer has had personal involvement, the presentation is so phrased as to indicate how the microwave field matured in certain important ways. The concluding remarks in Section IV contain some broad observations with respect to how this field has developed.
II. THE FORMATIVE YEARS
A few basic investigations involving guided waves were conducted during the early years, mainly concentrated in the first decade of the 20th century, but the real history of microwaves, and therefore microwave field theory, begins during the decade of the 1930's. Enormous impetus was given during World War II because of the need to develop radar in a hurry, and great progress was made during that short time. By the end of World War II, the foundations for microwave field theory had already been established, made basic contributions to all sorts of topics in classical physics, including the resolving power of gratings, an explanation of why the sky is blue, a host of new results on the theory of sound, and the discovery of argon, for which he received the Nobel Prize.
In microwave field theory, he is the first to discuss in detail (in 1897) the electromagnetic modes that can propagate through metallic tubes [1] , and the scattering of electromagnetic waves by circular apertures and by ellipsoidal obstacles [2] . The latter work provided the foundation for the highly useful "small aperture" and "small obstacle" methods which were revived and developed further during World War II and later (see Section II-C). The former work actually contains the fundamental ideas of mode propagation and cutoff in waveguides, and needed to be rediscovered during the 1930's.
The second major figure is Arnold Sommerfeld, who made many contributions over the years to basic eleetromagnetics and to many other areas in physics, and whose first contribution to guided waves seems to be in 1899, on a study of the electromagnetic waves guided by a lossy cylindrical wire [3] , a rather complex problem in its own right. Although he himself never received the Nobel Prize, a number of his students did, the most prominent of whom are H. A. Bethe, P. Debye, and W. Heisenberg.
Other early contributions to guided waves were by D.
IEEETRANSACTIONS ONMICROWAVE THEORY ANDTECHNIQUES, VOL. MTT-32,NO.9, SEPTEMBER 1984 been to some extent investigated earlier, but it was J. Zenneck [6] With respect to the measurement setup, it was often not easy to tell whether or not power was coming through. To check for power, they often placed their cheeks next to the open end of the waveguide; if the cheek grew warm, the power was on. When the result was ambiguous, they sometimes used their eyes! They were unaware then of microwave biological hazards, but it seems no one suffered permrinent harm. Much creative attention had to be paid to the precision measurement procedure, but the method finally adopted turned out to be taken from a paper published in 1942 in For a considerable time this piece of equipment was quite a riddle to us, especially the strange components such as waveguides, magnetrons and the like, indicating that microwaves were used. But for which purpose? At that time, microwave techniques were badly neglected in Germany. It was generally believed that it was of no use for electronic warfare, and those who wanted to do research work in this field were not allowed to do so. On the theoretical part of the program, on which most of the effort was concentrated, we employed variational methods primarily, and all of us contributed. We derived closed-form expressions for the equivalent circuit parameters of various slots, and we found very good agreement with measurements generally; in those days computers
were not yet available, so that theoretical results not expressed in simple closed form were considered not useful.
We derived expressions and performed measurements on rectangular slots, resonant and nonresonant, located at the end of rectangular guide, transverse inside the guide, coupling E-plane tees, coupling H-plane tees, and radiating from the top or side of the guide. The study was comprehensive and was summarized in two large (no longer avail- In an attempt to overcome these fabrication difficulties, the center conductor of coaxial line was flattened into a strip and the outer conductor was altered into a rectangular box. Components with such interiors were then fitted with connectors for use with regular coaxial line. After a few years, many excellent components became commercially available employing this approach. , At about the same time, others took a much bolder step; they removed the side walls altogether, and extended the top and bottom walls sideways: The result was called strip transmission line, or stripline. Different methods were used by different companies to support the center strip, but in all cases the region between the two outer plates was filled transmission line that was inexpensive and flexible. There was also speculation that the Goubau line could be strung on telephone poles and be used commercially in community-TV applications.
Alas, the extension of the field transversely into the air region outside of the dielectric coating rendered the line impractical.
Careful experiments showed that the attenuation of the line increased substantially during exposure to rain or snow; in addition, initially puzzling sudden and erratic changes in input VSWR were finally traced to the presence of birds sitting on the line and then suddenly leaving it.
It is interesting that the same basic concept is present in the optical fiber, which became practical about two decades later. In the step-index fiber, for example, the central dielectric core of higher refractive index corresponds to the wire plus its dielectric coating, but the transversely evanescent field outside is trapped in the lower-index cladding instead of being exposed to the air. The total field is thus protected from the external environment in the case of the optical fiber. If a similar cladding were to be placed around the Goubau line, at UHF or microwave frequen- for publication. The reviewers were favorably impressed but the editor requested that we reduce the length of the paper by 50 percent. We did not see how we could do that without greatly weakening the paper; then we remembered that the British, particularly the Barlow group, had been very productive in the area of surface waves, so that our "long" pair of papers might be better appreciated by them. We therefore submitted the papers to the Proceedings of the IEE (London), and they accepted them without any change whatever [87], [88] . About a year later, Tamir and I were notified that our pair of papers won for us the Institution Premium, the highest award of the IEE, and that we were the first were presented in simple form but were not valid near to mode cutoff. The second method was really the first stage of a transverse resonance procedure, but was developed by independent thinking, first by R. M. Knox and P. P. Toulios [96] and later by the Illinois group [93] . The second method is called the "effective dielectric constant" method, and it is more accurate near cutoff than Marcatili's [95] . A later thorough theoretical study of this class of dielectric strip waveguides was conducted by the group at the Polytechnic Institute of New York led by S. T. Peng and me.
We found [97] , [98] , to everyone's surprise, that some modes on a large class of these waveguides could leak, contrary to the predictions of the above-mentioned approximate methods which indicated that all modes were purely bound. More specifically, the dominant mode on these waveguides is always purely bound, but the lowest mode of the opposite polarization, and all higher modes, generally leak energy away in the form of a surface wave. that an antenna could be created by cutting a rectangular waveguide longitudinally, thereby producing a long slit in the side of the guide out of which power could leak away. The proposal was not pursued during that period because of the success of slot arrays, but the simplicity of the structure remained attractive, and it was reexamined during the early 1950's, The early designs of leaky wave antennas did not produce good agreement with measurements because the theoretical basis was unclear. It was, however, recognized that the leaking waveguide possessed a complex propagation constant, with the usual phase constant and an attenuation constant due to the leakage (in addition to an attenuation constant due to wall losses). The field struggled with two basic problems:
1) Was the leaky wave truly real?
2) How should one determine the leakage constant theoretically?
Since it was obvious that leakage was being produced, why did people question the reality of the leaky wave? If one recalls simply that the squares of the wavenurnbers in the three orthogonal directions must sum to the square of the free-space wavenumber, then, if there is decay longitudinally, corresponding to power leakage, the wave amplitude must increase in the transverse (or cross-section) plane. Since the cross section outside of the waveguide is unbounded, this implies that the leaky wave must increase transversely to infinity, yielding an unphysical result. The state of skepticism and uncertainty was so great that the Ohio State group, under V. H. Rumsey, made direct probe measurements
[100]. They found that near to the waveguide the field did indeed increase transversely, but that some distance away it dropped off rather suddenly. These circumstances and the physical explanation for them are summarized in Fig. 6 , where greater field strength is represented by a greater density of lines.
As the leaky wave moves along the longitudinal (z) direction in Fig. 6 , the field intensity decreases exponentially along z. However, if one follows the dashed line vertically in the x direction, it is seen that the field should increase vertically away from the guide surf ace. After a certain value of x, however, related to the location of the source (the beginning of the cut), the field drops off, as found experimentally. The leaky wave, with its peculiar behavior, is thus defined only in the wedge-shaped region shown in Fig. 6 . Many people actually expressed surprise on learning that the wave type really exists, but its reality was no longer questioned. Still at issue, however, was how to compute the complex nature of the wave's properties. Several different methods, mostly perturbation approaches, were tried by various people, but most of them were incorrect, and they yielded poor results when they were applied to antenna structures. There was no sound theoretical basis for these waves until N. Marcuvitz [101] , at Brooklyn Polytech, supplied it. He took his cue from radioactive states in nuclear physics, and he recognized that these leaky waves (or leaky modes) were pole solutions, as were all regular modes, but that these were located on the "wrong"
Riemann sheet of the transverse wavenumber plane. (When the region is open to infinity, a branch point arises, and two Riemann shsets are present; on one sheet, the fields decay toward infinity when small loss is introduced, while on the other they increase to infinity. A spectral solution, containing properly behaved waves, is restricted to the former sheet; the leaky poles occur on the second sheet.
The leaky modes are therefore not contained in the spectral (proper) solution, but they exist, being a rephrasing of part of the continuous spectrum portion of the spectral solution.)
Once the leaky modes were understood to be pole solutions, they could be obtained by applying the transverse resonance condition in the same way as for ordinary modes. When this approach was applied to antennas, the corre- The clue turned out to be invaluable. The paper that resulted from this study [110] contained an entirely new theory of Wood's anomalies, which for the first time showed the intimate relationship between leaky waves and one class of these anomalies. It also showed that some of the sharp variations in amplitude that Wood found experimentally were in fact just a special case of "scattering resonances" that could arise whenever the plane-wave angles and the leaky wave angles were the same. This work, to our disappointment, was ignored for almost a decade, but then it was "discovered" and was termed a "classic paper." For example, R. Petit, who founded a group (which has since become world famous) at Marseille during the 1970's devoted to diffraction theory, told me that the early work of his group was based heavily on our paper. Now our point of view is very widely applied, but, as often happens, the as open waveguides turned out to be particularly successful; it is safe to say that the agreement between theoretical design and measured performance has been better for leaky wave antennas than for any other type of antenna. Such excellent agreement did not occur when those antennas were first designed, however, because some fundamental uncertainties arose in connection with leaky waves in general, as explained in the previous section. Only when those basic points were correctly understood was it possible to make real progress. we know now that such structures would leak, and behave as antennas.) Further work on leaky wave antennas did not resume until the early 1950's, and most of those antennas were also perturbations in one sense or another of closed waveguides. It was therefore logical to view these antennas in terms of waveguides which were somewhat modified.
Because the theoretical basis was unclear, however, people tried different models for analysis but they met with varied lack of success. When it was finally understood that the leaky wave was a pole solution (even though the pole was nonspectral), the transverse resonance procedure was applied in the usual fashion, to derive a complex transverse wavenumber from which one obtained the complex longitudinal wavenumber, yielding the phase and leakage constants. The measurements finally (and suddenly) agreed with the theoretical designs, and the agreement was so remarkably good that in most cases it was unnecessary to do any trimming to optimize the performance; the design dimensions were the final dimensions.
The theoretical challenge then moved from understanding the nature of the leaky wave to solving for the discontinuities due to the various cuts or other guide perturbations, to be used in the transverse resonance procedure in its application to a variety of antenna strictures. effects can occur at certain scan angles between the propagating mode and a below cut-off higher mode in the unit cell waveguide. A summary of the types of array element for which blindness can occur, and an explanation in terms of the unit cell approach appears in the literature [141] .
IV.
CONCLUDING REMARKS
The partial history of microwave field theory presented here is admittedly selective with respect to both the topics chosen and the specific history covered. It would have been impossible to do otherwise because of the wide scope of the field, even though I limited the scope in the Introduction peculiar results may be due solely to an artifact in the numerical method used for computation.
A second danger today is that the motivation for exact solutions has diminished greatly, and one sees less of them (also partly because fewer problems are left for which exact solutions are obtainable). A judicious combination of analytical methods up to an appropriate point and then numerical procedures thereafter furnishes the best arrangement, of course, permitting us capabilities far greater than we dreamed of in the past without diminishing our physical understanding.
2) As the microwave field developed, new ideas emerged or new structures were proposed, but they were not appreciated because the field was not ready for them. When the field later recognized the need for those ideas, they were sometimes revived but at other times the ideas were rein- It is now harder than ever to keep up with current work, let alone go back into earlier literature.
3) As a theorist, I would like to romanticize that theory opens up new vistas, and the practical people follow. In the microwave field, it usually goes the other way. A new structure is invented or a new need emerges, and a firstorder design is made; then theory makes the design understandable and permits systematic improvements in design. [1]
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